A methodology has been derived which allows an estimate to be made of the daily streamflow at any point within the Burdekin catchment in the dry tropics of Australia. The input data requirements are daily rainfall (to drive the rainfall-runoff model) and mean average wet season rainfall, total length of streams, percent cropping and percent forest in the catchment (to However, three separate relationships were required to define c in the three major physiographic regions of the Burdekin: the upper Burdekin, Bowen and Suttor/lower Burdekin. The invariance of the relationships with scale indicates that the dominant processes may be similar across a range of scales. The fact that different relationships were required for each of the three major regions indicates the geographic limitations of this regionalization approach. For most of the 24 gauged catchments within the Burdekin the regionalized rainfall -runoff models were nearly as good as or better than the rainfall-runoff models calibrated to the observed streamflow. In addition, models often performed better over the simulation period than the calibration period. This indicates that future improvements in regionalization should focus on improving the quality of input data and rainfall-runoff model conceptualization rather than on the regionalization procedure per se.
INTRODUCTION Previous regionalization studies
Predicting the hydrologic response of ungauged catchments is currently one of the key problems in hydrology. It is the focus of a major research initiative of the International Association of Hydrological Sciences known as Prediction in Ungauged Basins (PUB, Sivapalan et al. 2003) . There are many reasons why we need to know the hydrologic response of a river at an ungauged point, ranging from civil engineering requirements such as the siting of dams and bridges, to flood forecasts to stream ecology studies.
These practical applications are the reason that many regionalization studies deal with flood frequency analysis (Patton & Baker 1976; Reimers 1990) or low flow analysis (Chang & Boyer 1977; Gustard et al. 1992; Nathan & McMahon 1992) .
Typically, the required aspect of hydrologic response has been predicted directly from landscape attributes Sacramento model (Weeks & Ashkanasy 1985) , the 20 parameter HBV3-ETH model (Braun & Renner 1992) and the 19 parameter MODHYDROLOG model (Chiew & McMahon 1994) .
In general, models with a more parsimonious approach have met with greater success in regionalization studies (e.g.
Hundecha & Bá rdossy 2004
). This could be due to highly parameterized models (such as those mentioned above) being more complex than is warranted based on the rather meagre input data available in ungauged and indeed most gauged catchments. This trade-off between input data availability and model complexity is discussed by Grayson & Bloschl (2000) . An example of a more parsimonious approach is provided by Post & Jakeman (1996) who noted that the parameters of the IHACRES rainfall -runoff model could be related to the landscape attributes of a catchment, such as catchment slope, drainage density and area. In Post & Jakeman (1999) the authors made use of these relationships to make predictions of the daily hydrologic response of 16 small (, 1 km 2 ) catchments in south-eastern Australia.
Predictions for some of these catchments were very good;
however, others were quite poor when evaluated with the Nash-Sutcliffe coefficient of determination. To improve the quality of these predictions, Post et al. (1998) proposed using simple relationships to predict the total water yield of catchments, then using this information to constrain the parameters of the rainfall -runoff model.
The current study represents an extension of this previous work in three ways. Firstly, we make use of a new method for deriving the streamflow recession time constant (t), developed by Croke (2006) . This new method allows predictions to be made of this time constant of streamflow recession in a much quicker and more accurate way than can be obtained using the IHACRES calibration techniques described in Post & Jakeman (1999) .
Secondly, we are applying the regionalization technique to a dry-tropical rangeland environment-the Burdekin catchment in North Queensland (see following section).
Previously, the technique had only been applied in humid catchments (Post & Jakeman 1996 , 1999 The Burdekin catchment can be divided into three relatively distinct physiographic regions (see Figure 1 ). 
METHODS

Data collection and analysis
The IHACRES model (see following section) requires as inputs daily rainfall data (to drive the model) and daily streamflow data (to calibrate). Temperature data are also typically required, but as we decided not to vary the rate of evapotranspiration (ET) based on temperature (see following section), these data were not required. was a wetter period (see Figure 2 ) and was therefore chosen as the simulation period of the model, in order to test it in a different climatic regime to that over which it was calibrated.
The IHACRES model
The structure of the IHACRES model is driven by the available data and therefore may be considered to be a The model has been included in a number of model comparison studies (Chiew et al. 1993; Ye et al. 1997) which have shown that the model, while having only a few parameters, is generally able to represent the hydrologic response of a number of catchments as well as more highly parameterized models. Studies examining the use of the model to regionalize hydrologic response from landscape attributes (Post & Jakeman 1996 , 1999 Kokkonen et al. 2003; Croke et al. 2004) have shown that the model parameters are generally related to landscape attributes.
Model calibration and simulation
As shown in Figure 3 , the model structure described in Post & Jakeman ( An additional parameter, the soil moisture threshold (s 0 ), was added to the nonlinear loss module to account for the fact that during dry times of the year, a large rainfall event will produce no streamflow response.
The model used in dry tropical environments with no slowflow can then be fully defined by five parameters (see Figure 3 ): † c is a mass balance parameter and therefore defines catchment water yield; † t is the streamflow recession time constant; † t w is the rate of catchment drying; † f varies the rate of catchment drying based on temperature; and † s 0 is the catchment wetness index below which no runoff will occur.
Application of the IHACRES model to a number of the Burdekin catchments showed that the values of s 0 and t w did not vary greatly (not shown here). To aid in the regionalization process, the values of these parameters were therefore set to 0.09 and 11, respectively. This means that when the soil moisture coefficient drops below 0.09 (on a scale of 0 to 1) no runoff is produced and the time for the soil moisture coefficient to drop to 1/e of its peak value is 11 days. In addition, in the dry tropics where water availability, relative humidity and wind speed are of greater importance in determining the rate of evapotranspiration than temperature, the value of f was set to zero. This means that the rate of drying in these catchments is the same all year round.
This then leaves us with just two parameters to be calibrated for each catchment: t and c. The value of the streamflow recession time constant t was derived directly from the streamflow data using a technique developed by 
Results of model calibrations and simulations
In order to evaluate model performance, the Nash -Sutcliffe efficiency E was calculated on the daily streamflow (Nash & Sutcliffe 1970) . This is defined as:
where y k is the observed streamflow, x k is the modelled streamflow and ŷ is the mean of the observed streamflow.
This measure of model efficiency is preferable to the simple square of the correlation coefficient (r 2 ) as it measures the difference between observation and prediction rather than the (possibly scaled) relationship between the two. Thus an r 2 of 1.0 can be achieved even if all of the predictions are (say) half the magnitude of the observations. Model efficiency E therefore offers greater power to discriminate good from poor models.
The range of calibrated parameter values t and c are listed in Table 1 , where catchment # 1 has the best calibration E followed by catchment # 2, down to catchment #24 which has the worst calibration E. For the poorer models, the model generally produces flow at the correct times but the shape of the modelled streamflow does not match the observed streamflow (see catchment #16 in Figure 6 , for example). This is due to errors in calibrating the value of t over the calibration period and could well be due to inadequate rainfall data. For the poorest models, the model both produces flow at the wrong times and the shape of the model hydrograph does not resemble the observed hydrograph (see the poorest fit, catchment #24 in Figure 7 , for example).
For 11 of the 12 'good' catchment models, the simulation fit (1975 -1980 ) is almost as good as, or slightly better than, the calibration fit (1980 -1985) (see Figure 4 ).
This indicates that the model is performing well over an independent period, but also that the observed rainfall and streamflow time series for these catchments are at least of adequate quality during both the calibration and simulation period.
For the 12 'poor' catchment models, the quality of the simulation fit is similar to the quality of the calibration fit in 4 cases. For another 6 catchments, the simulation model fit is actually significantly better than the calibration model fit (see Figure 4) , while the simulation fit is significantly worse than the calibration model fit for only 2 catchment models. than the calibration period, so it might be expected that the simulation E would be higher than the calibration E. This is not the whole story, however, as three of the catchments with higher simulation E have lower rainfall during the simulation period.
Regionalizing catchment water yield
The IHACRES model uses the parameter c in order to balance the total water yield of the catchment. During the calibration of the model described in Model calibration and simulation, c was chosen such that the total volume of effective rainfall equalled the total volume of observed streamflow. In order to be able to apply IHACRES to an ungauged catchment, we must find a way of predicting this total volume of observed streamflow. The easiest way to do this is to predict the percent yield of the catchment (defined as the percentage of rainfall which eventually becomes streamflow). The percent yield of a catchment is an important characteristic and one that has received significant attention in the literature. The Budyko curve shows that the percent yield of a catchment can be related to the ratio of potential evapotranspiration to precipitation, as discussed in Wagener et al. (2007) . Such is the importance of this characteristic that some authors ( Yadav et al. 2007, for example) have suggested that it is more robust to predict it and other characteristics of catchment response, rather than model parameters from catchment attributes.
Comparing the observed percent yield of the 24 gauged catchments to the physio-climatic variables, we discovered a strong relationship between percent yield and the volume 
Regionalizing streamflow recession time constant
The second parameter which must be regionalized before we can predict the daily streamflow of ungauged catchments is t, the streamflow recession time constant. To do this, the value of t derived for the 24 gauged catchments was compared to the physio-climatic attributes of those catchments. A relationship was discovered between t and the total length of streams within the catchment. This relationship is shown in Figure 9 . This relationship occurs because the major factor controlling travel time is the total length of streams that the water must pass along to reach the catchment outlet. In these relatively large catchments, this is more important than the time taken for rain to pass from where it falls into a stream via overland or subsurface flow.
Our regionalized predictions of t were improved by including the percent of the catchment under cropping and percent of the catchment under forest into the relationship.
These relationships indicate that the greater the percent of either cropping or forest in the catchment, the longer the travel time of water to the catchment outlet. For cropping, this could well indicate the impact of irrigated agriculture This may be related to the regionalization procedure being inappropriate at small catchment areas. Alternatively, rainfall measurements are likely to be poorer for small catchments, being based on just one raingauge. In the case of catchment #10, the rainguage is not actually located within the catchment. In general, for larger catchments, the predictions of mean annual streamflow are good.
Comparison of observed and predicted values of streamflow recession The daily E of these regionalized models was then compared to that for the calibrated (1980 -1985) and simulated (1975 -1980) models. This comparison is shown in Figure. 12 which contains the same data as Figure 4 but with E for the regionalized models added.
For 11 of the 12 'good' catchment models, the regionalized model performs nearly as well as or better than the calibrated model over both the calibration and simulation periods. In addition, the shape of the regionalized models is very similar to the calibrated models seen in For the 12 'poor' catchment models, the regionalized model performed about as well as the calibrated model in 7 of the catchments, somewhat poorer in 3 of the catchments and somewhat better in 2 of the catchments (see Figure 12 ).
Similar results for regionalized models compared to calibrated models were found by Merz & Bloschl (2004) .
These results indicate that either the input data are of poor quality or the regionally constant values of s 0 and t w are inadequate, producing poor fits to some catchments.
The regionalization procedure has not, in most cases, produced significantly poorer models than was produced by calibrating the models to the observed rainfall and streamflow time series.
Six of the simulation model fits were significantly better than the calibration model fits. It therefore appears that for these catchments (at least) it was the quality of the input rainfall data during the calibration period which caused problems, and not the quality of the rainfall -runoff model parameters s 0 and t w .
This would indicate that to produce real improvements in prediction in ungauged basins, more effort needs to be put into the calibration of models and the collection of better quality rainfall data. Even simple regionalization procedures such as those employed here have allowed the regionalization of rainfall -runoff model parameters to ungauged catchments.
CONCLUSIONS
The model derived in this study provides a way to predict daily streamflow from daily rainfall at any point within the indicates that improvements in the prediction of hydrologic response in ungauged basins requires more work to be done on model calibration as opposed to model regionalization.
In addition, since the main impediment to producing a good model fit in many catchments appears to be poor quality rainfall data, improvements in model calibration may be more likely to come from improvements in the quality of the rainfall input data, rather than improvements in model structure.
